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A cardinal feature of mammalian renal homeostatic mecha-
nisms is the maintenance of near constancy of body fluid
osmolality despite the wide variations in osmolyte or water
excretion imposed by varying dietary and environmental con-
ditions. This near constancy of body fluid composition requires,
among other things, that the mammalian.nephron dissociate salt
and water absorption in the nearly water-impermeable cortical
and medullary thick ascending limbs of Henle. This hypertonic
NaCl absorption results both in the enrichment of the medullary
interstitial osmolality and in the generation of dilute tubular
fluid. This review will therefore focus on the mechanisms for
salt absorption in medullary (mTALH) and cortical (cTALH)
thick ascending limbs of Henle, with particular emphasis on the
responsible cotransport processes, and the factors that modu-
late these cotransport events [1]. We shall also try to integrate
these findings into a quantitative model for the physiologic
function of the thick ascending limb.
NaCI transport by the thick ascending limb
Rocha and Kokko [2] and Burg and Green [3] first demon-
strated the salient characteristics of TALH salt absorption in
isolated rabbit mTALIH and cTALH segments, respectively. In
vitro microperfusion studies of the mammalian TALH have
revealed four cardinal features of salt absorption by this neph-
ron segment [2—5]. First, chloride absorption occurs against an
unfavorable electrochemical gradient. Second, net salt absorp-
tion in the mTALH and in the cTALH produces a lumen
positive transepithelial voltage (Ye' mY) which can be abol-
ished by luminal application of the loop diuretic furosemide [4,
6]. Third, both the spontaneous Ve and net chloride absorption
depend on the activity of the basolateral membrane (Nat +
K)-ATPase. And fourth, these nephron segments are electri-
cally leaky, via both paracellular and cellular pathways; the
former are cation selective [2—4].
While net chloride absorption proceeds against an electro-
chemical gradient and is therefore transcellular, the cation
selectivity of the paracellular pathway and the lumen-positive
spontaneous Ye allow a significant portion of net Na absorp-
tion to occur passively via the paracellular pathway [7, 8]. As a
consequence, the TALH can vary net sodium absorption
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widely in response to diverse physiologic stimuli without
equally large changes in transcellular sodium fluxes and cell
volume [1, 6]. The issue of homoregulatory processes [9] and
the preservation of cell volume will be discussed by Hebert [10]
in a separate paper in this Symposium.
Electroneutral Na :K :2Cl cotransport
Insights into the nature of transcellular Cl — flux have
emerged from recent studies into the electrophysiologic and
biochemical properties of intact isolated perfused tubules and of
apical and basolateral membranes of thick limb cells [4, 7, 8,
11—13]. A currently acceptable model for salt absorption by the
mTALH is shown in Figure 1. According to this model, net Cl
absorption by the TALH involves a secondary active transport
process; that is, luminal C1 entry into the cell is mediated by
an electroneutral Na : K +:2Cl — cotransport process, but is
dependent on the favorable electrochemical gradient for the
apical admittance of Na across the basolateral membrane
created by the (Nat + K)-ATPase pump.
Recent studies of C1 transport across the apical membranes
of the cTALH and the mTALH in intact nephron segments and
in isolated membrane vesicle preparations have established that
the predominant, if not exclusive, mode for entry of C1 in the
TALH is via an Na:K:2Cl cotransporter. In the mouse
mTALH [4], Na:K:2Cl cotransport is independent of (CO2
+ HCO). In the mouse cTALH [14], this symport process may
also involve (CO2 + HCO) with parallel C1-base exchange.
In the in vitro perfused mouse mTALH, transepithelial net Cl
absorption requires both Na and K in luminal solutions [4,
7]. The transepithelial voltage and electrically-determined ion
flux fall by 70% when Na is removed from external solutions
[41. Likewise, omission of luminal potassium inhibits net elec-
trical flux estimated as the equivalent short circuit current [7].
The dependence of the equivalent short circuit current, that
is, an estimate of net Cl absorption, on sodium has also been
documented in the isolatedrabbit cTALH [15, 16]. The equiv-
alent short circuit current is absolutely dependent on the
presence of luminal sodium with an apparent affinity constant of
3.4 msi [15]. The relation of increasing luminal Na concentra-
tions to the magnitude of the short circuit current follows
typical saturation kinetics, with Na exhibiting a relatively high
apparent affinity. K,, values for Na of 2.9 to 3.9 m and of 1.3
m were determined by Greger [161 and by Koenig, Ricapito
and Kinne [17], respectively. In contrast, Greger determined an
apparent affinity for C1 that was quite low, that is, a K,, of 50
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Fig. 1. An electrophysiologic model for
TALH salt transport.
m, and a relationship of electrical flux to chloride concentra-
tion that exhibited sigmoidal kinetics [16]. Greger argued that
the kinetics and the apparent affinity constants were most
consistent with a model of a cotransporter with a relatively high
affinity for Nat, a lower affinity for C1 and a stoichiometry of
two C1 transported for each Na [16].
Measurements of tracer Cl or cation (K, Rb or Nat)
accumulation by either dispersed cells or membrane vesicles
prepared from the inner stripe of the outer renal medulla of the
rabbit and/or the rat have delineated further the dependence of
Cl— absorption on both Na and K [17—19]. Koenig, Ricapito
and Kinne [17] demonstrated C1 dependence of 22Na accu-
mulation and Na dependence of tracer rubidium accumulation
into the same membrane vesicles prepared from rabbit renal
outer medulla. Elimination of either Na or C1 from external
solutions, or the addition of l0 M bumetanide to external
solutions, inhibited the initial rate of 86Rb uptake at 15
seconds by 31 to 44% [17]. In a similar fashion, the initial rate
of 22Na accumulation determined at 15 seconds was inhibited
by 37 to 54% with Cl— or K removal from extravesicular
solutions [17]. From a scrutiny of the ionic dependence of
22Na accumulation, these authors were able to determine
apparent affinity constants and Hill coefficients for each of the
relevant ions [17], and from this analysis provided evidence that
the stoichiometry of the interaction of these three ions under
isotonic conditions was Na:K:2Cl [17]. Although there is
general agreement that the cotransporter conforms to the Nat:
K :2Cl stoichiometry under most experimental conditions,
there remains some disagreement with regard to: 1) the precise
kinetics of this cotransport process; that is, whether it might be
significantly substrate-limited; and 2) whether under certain
conditions the cotransporter might operate as a simple NaCl
symporter [20].
The kinetic argument is as follows. Koenig and coworkers
[17] demonstrated a significantly higher Cl— affinity of the
cotransporter than did Greger [16], that is, 15.3 m versus 50
m, respectively. The findings of Burnham, Karlish and Jor-
gensen [18] that maximal bumetanide-sensitive Rb accumula-
tion into rabbit renal outer medullary membrane vesicles is
attained with external Cl concentrations of less than 50 mM
provide additional support for the kinetic measurements of
Koenig et al [17]. From the results of Koenig et al [17], it
appears that the cotransporter within the rabbit renal outer
medulla is not significantly substrate-limited at concentrations
of luminal C1 that might be seen in vivo, that is, about 50 mM.
In contrast, Greger's findings are consistent with a significant
kinetic effect on cotransporter activity at low luminal Cl
concentrations [16]. The differences in the data reported by
these two laboratories may be related to intrinsic tissue differ-
ences; Greger [16] examined the cortical portion of the rabbit
TALH, while Koenig et al [17] prepared membranes from the
medulla. An axial heterogeneity in the regulation of cotrans-
porter activity as the thick limb ascends from a hypertonic
medulla into an isotonic cortex might thus be anticipated. Table
1 lists the Ka values for C1 for the Na:K:2Cl cotransporter
determined in an array of different tissues [16, 17, 21—24].
Support for a model of two distinct binding sites for Cl- with
differing affinities follows from the bumetanide binding studies
of Forbush and coworkers [25, 26]. In their studies, Na, K
and C1 were all required for bumetanide binding to apical
membranes prepared from the dog renal outer medulla with Ka
values for each ion species of 2 msi, 1 m and 1 mM,
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Table 1. The K for the Na:K:2Cl contransport
and nonepithelial systems
er in epithelial
Tissue K' mr,i Reference
mTALH vesicles 15.3 17
cTALH nephron segments 50.0 16
MDCK cells 49.0 21
LLC-PK1
High affinity 5.1 23
Low affinity 55.2
Winter flounder 20.0 21
Shark rectal gland 75.0 21
Embryonic chick heart cells 30.0 22
Rat astrocyte cells 40.0 24
respectively [25]. Higher C1 concentrations, that is, greater
than 10 to 20 m, inhibited bumetanide binding [25]. These data
are consistent with a model in which binding of Cl— to a high
affinity site exposes a second lower affinity site that may be
occupied either by bumetanide or by the second C1 [251.
A second area of controversy centers on the possibility that
the cotransporter might operate as a simple NaCL symporter
under certain conditions. Eveloff and coworkers [20, 27] have
published two reports of furosemide-sensitive Na accumula-
tion into dispersed rabbit mTALH cells [27] and membrane
vesicles prepared from dispersed mTALH cells [21] indicating
that the transport process was chloride-dependent and electro-
neutral. They were able to demonstrate K dependence only if
they made the external solutions hypertonic with the addition of
200 m mannitol [27]. In contrast, both Koenig et al [17], and
Burnham et al [18] demonstrated Na dependence for rubidium
uptake under isotonic conditions. We have also recently re-
ported the results of tracer Na flux studies performed on
plasma membrane vesicles prepared from rat renal outer me-
dulla [19]. Under isotonic conditions, bumetanide-sensitive
Na uptake was inhibited by either K or Cl deletion from
external solutions [19].
Transepithelial salt absorption
The integral electrochemical gradient for cotransport of Na,
K and Cl— ions across the apical membranes of the mamma-
lian mTALH and cTALH has yet to be established by direct
measurements of the intracellular activities of all three ions. In
the amphibian diluting segment, which absorbs. NaC1 by a
mechanism analogous to that of the mammalian thick ascending
limb, a favorable integrated electrochemical gradient for
cotransport of one Nat, one K and two Cl has been largely
substantiated [28—30]. The favorable electrochemical gradient
for Na across the apical membrane which is generated by a
rheogenic basolateral membrane (Na + K)-ATPase pump is
sufficient to drive K and C1 across the apical membrane into
the cell against their respective electrochemical gradients.
It can be argued that an identical mechanism is operative
within the mammalian thick limb, or in other words, that apical
entry of Cl via the cotransporter ultimately depends on the
operation of the basolateral membrane (Na + K)-ATPase.
Maneuvers that inhibit ATPase activity, such as the removal of
K from, or addition of ouabain to, peritubular solutions inhibit
transepithelial C1 flux [31]. Furthermore, in the rabbit
cTALH, intracellular C1 activity is above equilibrium under
control conditions, and this elevated Cl— activity is dependent
on cotransporter function [32]. Thus when apical cotransporter
activity is inhibited with loop diuretics, intracellular Cl activ-
ity falls to values indistinguishable from the calculated equilib-
rium value for C1 [321.
The dependence of intracellular K activity on the cotrans-
porter is more difficult to document. Rajerison, Faure and
Morel [33] have recently reported intracellular cation concen-
trations determined for rat renal medullary thick ascending
limbs by flame photometry of individual mTALH segments.
The addition of ouabain (1 mM) to external solutions resulted in
a fall of intracellular K concentrations from 106.3 m to 71
mM [33, 34]. These data are consistent with an intracellular K
activity above equilibrium dependent on the basolateral mem-
brane (Na + K)-ATPase either directly, or secondarily as the
consequence of K accumulation driven by the favorable Na
gradient and mediated via the apical membrane cotransporter.
According to the model in Figure 1, potassium that enters
TALH cells via the elèctroneutral Na :K :2Cl cotransporter
must recycle to a large degree [7] across apical membranes by
way of a parallel K conductive pathway, thereby furnishing
the apical component of the transepithelial current and a means
of sustaining electroneutral entry of one Na with two Cl
across the apical membrane. In fact, blockade of the apical K
conductance with luminal Ba abolishes the lumen positive Ve
and transepithelial currents [7, 12], and net transepithelial C1
absorption ceases [7].
Cl exit (Fig. 1) across the basolateral membrane of mTALH
cells is primarily conductive [7, 12, 35]. A component of
electroneutral KCI cotransport may be operative in the cTALH
[32, 36] and cannot be excluded entirely for the mTALH [32]. In
the rabbit cTALH, addition of Ba + (3 mM) to the solutions
bathing the basolateral membrane produced a depolarization of
the cell interior, but did not produce a perceptible fall in
transepithelial electrical conductance nor a significant change in
the voltage divider ratio [36]. However, in the rabbit cTALH,
the voltage divider ratio is 1.4 and the transepithelial resistance
(Re) is 26 ohm cm2. Thus if one assumes a transference
number for potassium (tK) of 0.3 and 0.4, and that cellular and
shunt resistances are approximately equal [12], then complete
inhibition of the basolateral membrane K conductance might
produce indistinguishable effects on transepithelial conduc-
tance. The above data [36], therefore, provide only indirect
support for the existence of a KCI symporter within the
basolateral membrane of the rabbit cTALH.
Although a KCI symporter cannot be excluded in the mouse
mTALH, a simplified model of a conductive basolateral mem-
brane Cl— exit step in parallel with a conductive K pathway
can adequately rationalize the available data (Fig. 1) [7]. The
negative intracellular potentials of the mouse mTALH and
rabbit cTALH provide the principal driving force for conduc-
tive Cl— exit [7]. From the electrical properties of the basolat-
eral membrane of the mTALH, one can estimate that the
intracellular Cl activities required to account for the observed
rates of net Cl absorption in the mouse mTALH are 16 msi,
without ADH, and 25 m, with ADH [7, 14]. These calculated
values are in close quantitative accord with the intracellular C1
activities measured in the rabbit cTALH using ion-selective
microelectrodes [32].
The Na:K:2Cl cotransporter model shown in Figure 1
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Table 2. Eifect of ADH on NaCl transport in the mTALH
Species ADH
Ge
mS cm2
jtpMs cm2 V0mV References
Mouse
Rabbit
—
+
—
+
100
120
2,600
10,800
6,400
unaltered
5
10
3—7
unaltered
4, 7, 14
2, 46
necessitates that one-half of net Na absorption occurs para-
cellularly. The magnitude of the net Na transport via the
paracellular pathway [7, 8] can be calculated from the electri-
cally determined PNJPCI ratio, and the measured paracellular
conductance and transepithelial voltage [8]. From a comparison
of calculated net Na flux with net transepithelial C1 flux
measured electrically, it is clear that the transepithelial voltage
provides a driving force of sufficient magnitude to transport
sodium through the cation-selective paracellular pathway at a
rate approximately equal to one-half the rate of net C1 absorp-
tion [8], which is transcellular. Furthermore, since the paracel.
lular spaces are in virtual diffusion equilibrium with bulk
solutions, transcellular rather than paracellular transport events
account for the origin of the positive transepithelial voltage [8,
11]. In other words, the lumen-positive Ve depends on the ionic
conductance properties of the apical and basolateral mem-
branes of the TALH cells, and net C1 absorption is rheogenic
[11].
According to this model, the oxygen consumed to absorb
Na will be approximately one-half of that consumed by
epithelia where all net Na absorption is transcellular. Indirect
support for the increased ratio of net Na flux to 02 consumed
has emerged from studies of the metabolic CO2 generated by
transporting isolated TALH [37—39]. Furthermore, measure-
ments of medullary interstitial oxygen tensions indicate that the
mTALH resides in a relatively hypoxic environment [37, 38].
Since a large portion of the energy that is generated by
oxidative metabolism is probably expended in the transport of
Na [40—42], a more efficient mechanism for the absorption of
salt may be critical to the metabolic survival of the mTALH in
the relatively hypoxic medullary environment [37, 38].
Modulation of NaCI absorption by ADH, PGE2 and peritubular
osmolality
Over thirty years ago, Wirz [43] suggested that ADH might
regulate countercurrent multiplication by augmenting the rate
of NaCl abstraction from the ascending limb of Henle's loop.
This notion has been confirmed by in vitro observations which
have shown that, in the mouse, ADH enhances net salt absorp-
tion in medullary but not cortical thick ascending limbs of Henle
[4, 11, 35, 44].
Table 2 summarizes the effects of ADH on salt transport in
microperfused mTALH segments of mouse and rabbit. Hall and
Vamey[45], and subsequently others [4, 11, 15, 46], established
that ADH increases the lumen-positive transepithelial voltage
in the mouse mTALH. ADH also enhances the net rate of C1
absorption in mouse mTALH segments. The maximal effect of
ADH on the transport characteristics of the mouse mTALH
was attained at hormone concentrations equal to those seen in
serum during in vivo antidiuresis [4]. Moreover, identical
Table 3. Interactions of ADH and furosemide in modulating
transcellular conductance (Ge) in mouse mTALH segments
G mS cm—2
Furosemide
ADH
(—) (+)
—
+
44.5 5.6
36.5 4.4
[
58.9 8.9
41.5 6.4
N=11]
14.5 5.5
P < 0.02
5.0 4,3
NS
The data are from Ref. 14. Furosemide = 10M luminal furosemide;
ADH = 10 U/ml peritubular ADH; N = number of tubules.
changes in transepithelial transport properties are produced by
cAMP analogs [4, 11].
There is also evidence that, in vivo, ADH enhances salt
absorption by the mammalian renal diluting segment. In ho-
mozygous Brattleboro rats with hereditary diabetes insipidus,
ADH increases net salt absorption by the thick limb [47, 48].
Moreover, the hormone specifically stimulates the transepithe-
hal voltage and net chloride flux in isolated perfused segments
from these animals [47, 48]. The voltage and flux responses to
ADH can be augmented by prior priming of the Brattleboro rats
in vivo with ADH over several days [49]. The effect of saturat-
ing concentrations of ADH on the in vivo maximal urinary
concentrating capacity of two different strains of Sprague-
Dawley rats correlates directly with the magnitude of the in
vitro stimulation of adenylate cyclase by ADH in their respec-
tive mTALH segments [50].
Mechanisms for the ADH effect
In the mouse mTALH, ADH increases dramatically the rate
of net transepithelial NaC1 absorption and the spontaneous
transepithehial voltage, Ye [4, 7, 14, 35]. In addition, ADH
increases the transepithelial electrical conductance (Ge, mS
cm2) entirely because of an increase in transcellular conduc-
tance (Ge, mS cm2) [14]. ADH does not affect the shunt
conductance (Ga, mS cm2) measured in the presence of 20 ma't
luminal Ba. ADH also augments net K secretion in the
mouse mTALH [8].
Two distinct mechanisms have been proposed to account for
the observed ADH-dependent changes in the electrical and
transport properties of the mouse mTALH (Table 2). Schlatter
and Greger [35] have proposed that ADH stimulates C1 flux by
way of a direct increase in the basolateral membrane chloride
conductance. These workers found that, in mouse mTALH
segments, the combination of ADH, cAMP and forskohin pro-
duced an increase in the apical to basolateral membrane resis-
tance ratio (Ra/Rb) in tubular segments studied in the presence
of io M luminal furosemide [35].
Alternatively, we [12, 14, 51] have proposed that ADH has an
admittance effect on apical membranes of mouse mTALH
segments, that is, to increase the functional number of apical
membrane Na:K:2Cl cotransporters and K channels. At
least three lines of argument are consistent with this possibility.
First, as indicated in the paired data shown in Table 3, ADH
increases the transcellular conductance (Ge, mS cm2) of
isolated mTALH segments. But luminal furosemide, which
blocks apical membrane Na :K :2C1 entry, virtually abol-
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ishes this hormone-dependent increase in G [14]. These results
may be taken to indicate that the hormone-dependent increase
in G, which is also accompanied by a fall in the fractional
resistance of basolateral membranes [12] and by a depolariza-
tion of basolateral membranes [12], is dependent on an increase
in intracellular C1 activity. According to this view [14], ADH
increases the activity of apical Na K + :2C1 cotransport; and
the subsequent rise in intracellular C1 activity depolarizes
basolateral membranes and hence increases the Cl conduc-
tance of basolateral membranes secondarily. Luminal furo-
semide, by preventing the rise in intracellular Cl activity, also
restricts the hormone-dependent increase in transcellular con-
ductance (Table 3). It is interesting to note in this context that,
in squid giant axon, cAMP also activates Na:K:2Cl
cotransport [52].
Second, ADH increases the net rate of K secretion in
mTALH segments exposed to iO M luminal furosemide [9].
Since the diuretic hyperpolarizes both apical and basolateral
membranes [12], it is plausible to argue that the hormone
produced a direct increase in apical K conductance.
There is a third, and more direct, line of evidence indicating
that ADH, operating through cAMP, activates K channels
already present in apical membranes of the mTALH. Thus in
apical membrane vesicles prepared from rabbit renal medulla,
the catalytic subunit of cAMP-dependent protein kinase stimu-
lates conductive 86Rb influx into vesicles loaded with KCI
[53]; this process requires ATP rather than ADP and can be
blocked completely with a specific blocker of cAMP-dependent
protein kinase. Thus the latter data are consistent with the view
that one of the major events associated with an ADH-dependent
increase in rates of net NaCl absorption is a hormone-depen-
dent activation of in situ K channels in apical membranes [53].
ADH-prostaglandin interactions
Prostaglandins participate in a medullary feedback ioop that
modulates the rate of ADH-stimulated NaCl absorption by the
mouse mTALH. Prostaglandins are synthesized by medullary
interstitial cells and medullary collecting tubule cells [54, 55],
released into the interstitial space and rapidly inactivated within
the renal medulla; hence their primary role as it pertains to
mTALH function is local. The major product of prostaglandin
synthesis within the renal medulla is protaglandin E2 [56].
POE2 blunts specifically the ADH-stimulated component of
salt absorption in the mouse mTALH [57]. Likewise, PGE2
inhibits the ADH-dependent, but not basal, rates of intracellular
cAMP accumulation in isolated rat mTALH segments [58]. In
the mouse mTALH, POE2 inhibits salt absorption stimulated by
cholera toxin, but the eicosanoid has no effect on enhanced
mTALH salt absorption stimulated by forskolin [59]. Since
cholera toxin produces an irreversible binding of GTP to
stimulatory regulatory subunits of adenylate cyclase, these
results indicate that prostaglandins may block the ADH-stimu-
lated portion of mTALH salt absorption by activating the
inhibitory guanine nucleotide regulatory subunit of adenylate
cyclase and that ADH stimulates salt absorption by way of
activation of the stimulatory gunaine regulatory subunit [59].
POE2 also inhibits in vivo salt absorption by the mTALH.
Thus micropuncture studies have indicated increased urinary
Na excretion into the urine with the injection simultaneously
of tracer ion and POE2 into the late proximal tubule of the rat
[60]; the medullary interstitial NaCl content is increased by
prostaglandin synthesis inhibition [61]; and chloride absorption
by the loop of Henle is augmented with inhibition of POE2
synthesis [62, 63]. Furthermore, PGE2 synthesis by medullary
interstitial cells is modulated both by ADH and by the level of
interstitial osmolality [64].
The interactions among these modulating factors is complex.
During antidiuresis, the increased interstitial osmolality gener-
ated as a consequence of NaCI accumulation stimulates PGE2
synthesis [64]. The effect of urea accumulation on POE2 syn-
thesis is less clearly defined. It is currently believed that
increasing interstitial urea concentrations, as obtained during
sustained antidiuresis, may directly inhibit the ADH and NaCI
stimulated component of POE2 synthesis [64].
Effects of peritubular hypertonicity
In isolated mouse mTALH segments, graded increases in
peritubular osmolality with various solutes, including NaCl and
urea, produce a reversible suppression of 'STe and net rates of
Cl absorption [65]. In the case of increases in peritubular fluid
osmolality with NaCI, the salt concentration gradient from
interstitium to lumen could, of and by itself, blunt tubular fluid
diluting capacity [65].
In the case of peritubular osmolality increases with urea, the
suppression of salt absorption appears to involve a more
complicated process. Thus, simultaneously with a reduction in
Ve and a suppression of net Cl absorption, pentubular urea
also reduces the transcellular conductance G and hyperpolar-
izes VbI (mV), the voltage across basolateral membranes [66].
Moreover, peritubular urea hypertonicity produces virtually the
same magnitude of reduction in Gç, both in the absence and in
the presence of luminal furosemide [661.
A reasonable way of integrating these findings in the mouse
mTALH is to postulate that, in that nephron segment, peritu-
bular urea hypertonicity produces a reversible fall in the C1
conductance of basolateral membranes [66]. In this regard, it is
attractive to speculate that peritubular hypertonicity might
reduce basolateral Cl conductance in mTALH segments by a
mechanism analogous to the suppression of conductance pro-
duced by osmotic stress in voltage-dependent anion channels
(VDAC) from outer mitochondna. When VDAC incorporated
into lipid bilayers are exposed to increases in aqueous phase
osmolality, without transmembrane osmotic gradients, VDAC
conductance falls dramatically [67]. Zimmerberg and Parsegian
[67] have provided convincing evidence that this VDAC con-
ductance drop is the consequence of osmotic water abstraction
from channels which results in a large loss of channel volume
and an attendant channel closure. It is plausible to argue that
increases in peritubular osmolality, and consequently in intra-
cellular osmolality, may reduce basolateral Cl conductance in
mTALH segments by a similar collapsing effect on the internal
volume of Cl channels.
Hypertonicity effects on Na:K:2Ci cotransport. It is
well-recognized that, in a variety of cell types, Na:K:2Cl
cotransport activity is augmented by osmotic gradients that
promote cell shrinkage [68]. Likewise, in isolated membrane
vesicles prepared from the rat outer renal medulla [19], extrave-
sicular hypertonicity with 600 m urea produced vesicular
shrinkage and a twofold enhancement of bumetanide-sensitive
22Na influx, presumably mediated by the Na:K:2Cl
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Table 4. A comparison of measured and calculated static head C1 concentrations for TALH segments
Static head [Cl—I
Segment
Juu
pEq sec m2 V.,mV rC1m sec P/P1
Measured Calculated
mM
Rabbit cTALH 2,100 5.0 0.14 2.0 68 71.6
Mouse mTALH, —ADH 2,900 4.0 0.11 4.2 120 84
Mouse mTALH, +ADH 10,900 9.5 0.12 4.2 85 12.1
Rabbit mTALH 5,600 6.7 0.11 6.3 112 24
The experimental data are from the following sources: rabbit cTALH, Ref. 3; rabbit mTALH, Ref. 2; mouse mTALH, Refs. 7 and 11. The
calculated static head Cl concentrations were computed from these experimental data according to equations 2 and 3.
cotransporter. This result occurred when 22Na influx was
driven by an inwardly or an outwardly directed ion gradient.
A surprising finding in these experiments [191 was that
osmotic gradients which increased vesicular volume suppressed
bumetanide-sensitive 22Na influx. Thus in mTALH segments,
peritubular hypertonicity might exert two distinct effects on the
activity of the apical membrane Na:K:2Cl cotransporter.
Cell volume loss induced by external hypertonicity might
stimulate Na:K:2Cl activity. Conversely, the osmotic gra-
dient produced by the dilution of luminal fluid attendant on
transepithelial salt absorption might inhibit cotransporter activ-
ity [19]. The significance of this finding is considered in the next
section.
Modulation of diluting power
In isolated rabbit or mouse TALH segments, the measured
rates of net salt absorption at high perfusion rates—when
tubular fluid dilution is minimal—are considerably greater in
mTALH segments than in cTALH segments. Yet, as Burg [5]
has noted, the diluting power of TALH segments—measured at
slow perfusion rates when tubular fluid dilution is maximal—is
greater in cTALH segments than in mTALH segments. This
section considers briefly some of the factors responsible for this
apparent discrepancy; the issue is considered in detail else-
where [69].
As analytical frame of reference for considering the problem
is as follows. When a TALH segment is perfused at a rate
sufficiently rapid that axial solute delivery exceeds radial trans-
port rates, the net rate of Cl absorption is approximately equal
to J1(0), the rate of transcellular C1 flux; the measured
spontaneous transepithelial voltage in such circumstances is Va
(mV), the rheogenic voltage attending net Cl absorption, and
unmodified by salt dilution voltages produced by luminal fluid
dilution. At slower perfusion rates, the tubular fluid becomes
diluted by radial net salt absorption. For these circumstances,
the transepithelial voltage [Ve(X), my] at any plane x normal to
the tubule is:
Ve(X) = Va + VdII(x), (1)
where VdlI(x) is the salt dilution voltage which occurs because
of tubular fluid dilution. In turn, Vdl(x) may be expressed by the
Goldman equation as:
RT PNa/PcI[Naib + [C1]1(x)Vdt(x) = 2.3 — logF PNa/PCI [Na]1(x) + [Cl]b
where [Na]b and [CIIb are bath concentrations (mM) and
[Na]1(x) and [C1]1(x) are luminal concentrations at x; and Na
(3)
and P (cm sec) are ionic permeability coefficients. Finally,
at a static head, the net rate of C1 absorption is zero since
passive backleak of C1 equals transcellular Cl absorption.
Thus at a static head:
J(x) = cI F [0(x)] [Ve(X) — Eci(x)]RT
where E1(x) is the C1 equilibrium voltage at x and J1(x) is the
rate of transcellular C1 flux at x and [Cl(x)] is the mean of the
chloride concentrations of the bathing and luminal fluids at x.
Thus if J1(x), V(x), Na and P are known, equations 2 and 3
permit calculation of the expected static head Cl concentra-
tion.
Table 4 summarizes the relevant transport properties of
microperfused TALH segments, and compares measured static
head Cl concentrations with the static head C1 concentra-
tions computed from these transport data. Specifically, Table 4
lists the expected static head C1 concentrations calculated
according to equations 2 and 3 assuming that the J1(x) term in
equation 3 is equal to the J1(0) value listed in Table 4; the latter,
in turn, represents the measured rate of transcellular C1 flux at
a high perfusion rate, when there is, as noted above, minimal
tubular fluid dilution.
Three of the results listed in Table 4 are particularly perti-
nent. First, although the rates of transcellular Cl flux mea-
sured at high perfusion rates are greater in mTALH segments
than in cTALH segments, the measured static head Cl con-
centrations are greater in mTALH segments than in cTALH
segments. In other words, cTALH segments have greater
diluting power than mTALH segments. Second, in cTALH
segments, the static head Cl concentration calculated from
equations 2 and 3 agrees closely with the measured static head
C1 concentration. This finding is consistent with the view that,
in cTALH segments, radial transport properties—in this in-
stance, J1(0), P1 and PNa/PcI—are not affected by variations in
perfusion rate or in luminal Cl concentrations.
Finally, Table 4 shows that, in mTALH segments, the
measured static head Cl concentration is rather greater than
the calculated static head C1 concentration. It is probable, in
this connection, that for mTALH segments, P1 and Na'CI are
unaffected by the extent of tubular fluid dilution [69]. Thus the
results in Table 4 are consistent with the possibility that, in
mTALH segments, tubular fluid dilution may serve as a nega-
(2) tive feedback limb regulating J1(0).One possibility in this connection is that luminal fluid dilution
results in luminal Cl concentrations to values near the Km for
apical Na:K:2Cl activity might have reduced the transport
rate for that system. There are no data, to our knowledge, on
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the effect of varying luminal NaCI concentrations on the activ-
ity of apical membrane Na :K :2C1 cotransport in intact
rabbit or mouse mTALH segments. But in vesicles prepared
from rabbit mTALH cells, Koenig et al [17] calculated Km
values of 1.3 m and 15.3 m for Na and C1, respectively,
with respect to the activity of apical Na :K :2C1 cotransport.
These values for Na and Cl— are considerably less than the
measured static head luminal Cl concentrations in intact
mTALH segments (Table 4). Thus it seems improbable, based
on the data of Koenig et al [17], that a reduction in luminal
Na :K :2C1 cotransport in mTALH segments occurred be-
cause of a Km effect.
Alternatively, we have found that an osmotic gradient which
promotes vesicle swelling reduces bumetanide-sensitive, K-
and Cl-dependent 22Na uptake in vesicles prepared from rat
outer renal medulla [19]. Thus in isolated mTALH segments,
luminal fluid dilution might have resulted in a graded suppres-
sion of apical Na:K:2Cl entry. According to this view,
graded dilution of luminal fluid might have resulted in graded
reductions in the J1(0) values listed in Table 4.
But independently of mechanism, one can compare calcula-
tions on the expected relation between collected fluid Cl
concentrations and axial perfusion rate with the available data
on the flow dependence of collected fluid Cl concentrations in
isolated mammalian mTALH segments. The available data,
reproduced in the three panels of Figure 2, are from the mouse
mTALH, with ADH and the mouse mTALH without ADH,
both from this laboratory [11]; and the results of Rocha and
Kokko [2] in the rabbit cTALH. The mouse mTALH data are
reproduced as collected fluid C1 concentrations. The rabbit
mTALH data are reproduced as ratios of collected fluid to
perfusate osmolalities; the initial perfusate Na concentration
in those experiments was about 145 mrvi.
Also shown in each of the panels of Figure 2 are two different
analytical curves relating the calculated collected fluid C1
concentration, or collected/perfused osmolality ratio, to axial
perfusion rate. The mathematical formalisms for these curves
have been presented elsewhere [691. The dashed lines were
drawn by using a constant J1(0), given for each case in Table 4.
The dashed analytical curves in Figure 2 show clearly that the
use of a constant J1(0) for isolated mTALH segments predicted
far greater diluting power than was observed experimentally.
In the solid curves shown in each of the panels of Figure 2,
we arbitrarily assumed that each I m fall in luminal fluid C1
concentration produced a 1.5 to 2.0% reduction in the initial
J1(0) values listed in Table 2 for each of the given segments.
The results presented in each panel of Figure 2 show that the
solid curves generated in this manner agreed closely with the
experimental data.
In other words, the data shown in Table 4 and Figure 2
indicate that a suppression of the J1(0) computed from net Cl
fluxes at high perfusion rates is required to account for the
relatively blunted diluting power of mTALH with respect to
cTALH segments, and that, in isolated cTALH segments, a
constant J1(0) accounts adequately for the observed diluting
power. According to this view, the metabolic energy for trans-
cellular Cl— transport in mTALH segments is expended primar-
ily for net salt absorption, that is, concentrating power, while
the enerv for transcellular C1 transr,ort in cTALH segments
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Fig. 2. Diluting power of TaLH segments. Used with permission from
Ref. 69.
is expended both for net salt absorption and for tubular fluid
dilution.
It is also pertinent to note in this connection that similar
calculations [69] using the data of Burg and Green [3] have
indicated that, for mouse CTALH segments, with either an
isotonic perfusate or with a maximally dilute perfusate, a static
head luminal Cl concentration is reached at about 70% of the
in vivo tubule length, when the initial perfusion rate was about
10% of SNGFR. It is thus plausible to argue that, unless there
is a profound solute diuresis, the in vivo cTALH is the cardinal
factor regulating the TALH contribution to external salt bal-
ance and to diluting power. According to this view, modulation
of Cl— transport in the mTALH by agents such as ADH or
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PGE2 has a negligible effect on the in vivo contribution of the
TALH to external salt balance, or to diluting power, because
the transport properties of the cTALH are the cardinal deter-
minants of the cTALH static head C1 concentration.
Finally, as noted above and elsewhere [691, in addition to a
suppression of J1(O) in the mTALH attendant on luminal fluid
dilution (Fig. 2), both peritubular hypertonicity and PGE2
suppress total J1(0). Thus during in vivo antidiuresis, the
achievement of interstitial hypertonicity, and PGE2 release
attendant on the latter [64], may provide mechanisms for
minimizing metabolic work by mTALH segments. Put differ-
ently, one may argue that mTALH segments serve as concen-
trating segments which contribute to intrarenal—specifically,
medullary—salt balance, while cTALH segments serve as
diluting segments which provide the TALH contribution to
external salt balance.
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